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Abstract 
In this paper, we demonstrate a 3D projective transformation to rectify oblique multi-view image with a planar 
calibration target for in-plane displacement and strain field measurement. The multi-camera semi-circular DIC 
system captures oblique multi-view image from three different view angles. Produce front view image from oblique 
projective image. The front view image can be analyzed by the DIC method to extract the in-plane displacement and 
strain field. The displacement can also be computed from contour maps obtained before and after the in-plane 
translation motion of rigid body. The experimental results show the measurement method is implemented to rectify 
oblique multi-view image for in-plane displacement and strain field. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the National Tsing Hua University, Department of Power Mechanical 
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șC1, șC3                   camera pivot angle of camera 1, 3 
ȍC1, ȍC3                         camera travel angle of camera 1, 3 
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),( VU                     displacement fields in X and Y directions  
),,,( YXYX VVUU   first order gradients of displacement  
NSSDC                   sum of squared difference criterion (NSSD) 
iF                          gray value in the reference sub-image  
iG                          gray value in the deformed sub-image 
( xxH , yyH , xyH )    strain fields in X and Y directions 
 
 
1. Introduction 
Full-field optical measuring is increasingly being popular measurement tools, such as digital image correlation 
(DIC). DIC is an optical metrology that utilizes sub-pixel registration algorithms for accurate measurement of full-
field deformation [1]. In the early 1980s, its invention is developed [1-2]. 2D-DIC is used to get in-plane deflection 
measurements. 3D-DIC provides the full 3D measurements [3], which are critical for accurately measuring true 
strains in these highly 3D materials and loading responses. In this paper, a multi-camera system with semi-circular 
configuration is proposed. With aids of the geometric constrain; the system is expected to take and reconstruct 
images with less calibration at filed.  The system is also target to combine with DIC method to extract 
displacement/deformation and strain from reconstructed time-sequential images.  Hence, the reconstructed error of 
the system is limited to meet the requirement for integrating digital image correlation method for deformation and 
strain analysis. 
3-D reconstruction of the scene is need camera calibration. The most important in camera calibration is find 
camera model. Tsai proposed two calibration methods, where the pose of the 3-D or planar target with respect to the 
camera is being estimated [4-5]. Zhang’s approach [6] allows free motion of a known planar calibration target. Their 
formulation obtains an approximate solution for both the target pose and the camera parameters from the readily 
obtained object to camera hymnographies, by means of rigid body motion constraints. The calibration target is used 
to determine camera parameters, that included interior orientation of a camera and camera positions are exterior 
orientation of a camera. Camera calibration is the important process of estimating the calibration parameters, which 
can calculate an actual camera model.  
In this paper, a 3D projective transformation to rectify oblique multi-view image with a planar calibration target 
for in-plane displacement and strain field measurement are introduced and discussed. 
 
2. Measurement system  
Fig. 1 shows the semi-circular constrained multi-camera DIC system. As shown in Fig. 1(a), a three-camera 
imaging system implemented with the semi-circular frame was built and used as imaging platform [7]. The center of 
the semi-circular frame is three optical axes of the cameras were designed to intersect. For discussing convenience, 
the cameras are labeled as C1, C2 and C3, from right to left were labeled in Fig. 1. The system consists of three 
cameras, four stepper motors with drivers, a semicircle camera frame, and image processing unit.  The camera frame 
is semicircular with radius is 50 cm.   Among all three cameras, C2 is defined as the reference camera and fixed at 
the middle-point of circular frame. C2 and C3 are mounted on the movable camera holders make C1 and C3 
cameras can move along frame clockwise and contra-clockwise respectively. The range a camera can move along 
the frame is defined as camera traveling angle and can be labeled as ȍC1 and ȍC3. Traveling angle ȍc1 is defined as 
C1 moving clockwise away C2. Similar, ȍC3 is traveling angle defined as C3 move contra-clockwise away C2. The 
cameras rotate with respect to their fixed points on the camera holders and define the rotation angles as the pivot 
rotation angles in șC1, șC3.   
The frame is used to support the cameras and confine the cameras to move along a circle. The cameras can be 
easily aligned with the geometric center of the frame as the reference point. Meanwhile, the system was designed to 
be intra-camera distances and angles adjustable with stepping motors. Moving cameras along the frame makes 
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images be captured from different angles which provide different image overlapping ratios and extend the views of a 
scene with no additional alignment. Based on the design, the system is able to provide three image sets for object 
reconstruction; those three image sets are defined by camera-pairs C1-C2, C2-C3, and C1-C3. The corresponding
system parameters are shown in Table 1; currently, in this paper, the semi-circular frame of the measurement system
is design to be 50 cm in radius circular.
Fig. 1(b) is the image processing and graphical user interfaces (GUI) that are integrated with NI LabView. All of 
the measurements including the captured images and motion control commands can be friendlily displayed.  By GUI,
the user can control the motion of stepper motors; showing from left to right, the stepper motor command and 
control window.  And the users can manipulate the control bottom to capture images, and the living images are
shown inside the image display window.  Again, from left to right, the images are captured by camera C1, C2, and
C3, respectively. While pushing stop bottom, the images would be frozen for future analysis.
(a)
C1 
C2 C3 
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(b)
Fig. 1: The semi-circular constrained multi-camera DIC system [7]. 
Table 1. System specifications.
Specifications Descriptions
Number of Cameras Three cameras.
Camera Video output type: IEEE1394a, 8 bits/pixel (R, G, B), Image pixel sizes: 640  480 Pixels, 1/2”,  9.9 Pm  9.9 Pm. 
Lens Focal length: 35 mm, FOV: 10.77°  14.32°, F#: 1.9. 
Camera Frame The semi-circular rod, 50 cm in radius.
Camera Pivot Angle -450  șC1   450, -450  șC3  450. 
Camera Travel
Angle 25
0 ȍC1  700, 250 ȍC3  700. 
3. Measurement methods
3.1. Image projective transformation
General 2-D spatial transformation is three-step process: (1) Define the parameters of the spatial transformation.
(2) Create a transformation for image registration. (3) Perform the transformation. In this study, we used the Matlab
function cp2tform with the argument “projective” to rectify oblique views with a planar calibration target for in-
plane displacement and strain field measurement. The projective transformation can map a quadrilateral to a square 
and infer spatial transformation from 4 control points. When the scene appears tilted straight lines remain straight.  
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Fig. 2 is before and after projective transformation. In this case, set up an input coordinate system so that the input 
image fills the quadrilateral and then transform the image into the unit square with vertices (0, 0), (7, 0), (7, 7), (0, 7)
to the unit square and use bicubic interpolation. We select the 4 corners (125, 270), (407, 271), (369, 77), and (99,
74) of a plane and compute transform for image projective control. Fig. 2(a) is overlay 4 control points on original
image. Fig. 2(b) is a simplified form of the original image. Fig. 2(c) is the transformed simplified image. After the 
resulting transformation, produce front view image from oblique projective image is shown as Fig. 2(d). The
computed 3×3 homography matrix is [2.0555, -0.0333, -0.0000; -0.2727, 2.9930, 0.0002; -183.3152, -218.1875,
0.9863;]. 
(a)                                             (b)                                          (c)                                      (d) 
Fig. 2. Before and after projective transformation. 
3.2. Digital image correlation
The DIC method uses the characteristic speckle pattern of a test specimen; the deformation of assigned points can
be determined by searching most-likely sub-image from the corresponding deformed sub-image [8]. As shown in
Fig. 3, in the reference image, there is a sub-image of )12()12(  NN  pixels centered at point ),( 00 YXP . The 
matching procedure is to search the corresponding sub-image of the deformed image centered at the point 
),( 00 YXP  . Algorithms, such as the predefined cross-correlation and the sum of squared differences criterion can be
used to calculate the similarity between the sub-image in reference image and possible mapping sub-image in the
deformed image [9].
Fig. 3.  Principle of digital image correlation. 
In this paper, the displacement fields in X and Y directions ),( VU and the first order gradients of displacement 
),,,( YXYX VVUU are defined with the coordinates before deformation. Then the points ),( ii YXA  in the reference
image can be related with points ),( ii YXA   in the deformed image with  
YVXVVYY
YUXUUXX
YXii
YXii
'' 
''                                                                                  (1)
where ),( YX ''  is defined the point ),( ii YX with respect to point ),( 00 YXP in the reference image.
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In this proposed measurement systems, a CCD Camera with fisheye lens is used to record the images before and 
after deformation, and the in-plane displacement field is then evaluated with a typical DIC algorithm. To evaluate
the similarity between reference and deformed images, in this paper, the sum of squared difference criterion (NSSD)
NSSDC [10] was used as the correlation criterion, which is defined as
¦
¦
¦
 22 )( ii
i
ii
NSSD FG
G
GF
C                                                                                 (2)
where the iF  is the gray value in the reference sub-image, and the iG  is the gray value in the deformed sub-image. 
Shape function was used to determine the possible configuration of the deformed sub-image. In this study, the
affine transformation was used as the shape function, once the most-likely deformed image area has determined, 
then the corresponding displacement ),( VU and first order displacement gradients of each point in the reference
image can be evaluated [11]. And then with help of shape function, the region of the deformed sub-image can be
defined. However, the corresponding points in the deformed sub-image are not always integer pixels; the bi-cubic
spline interpolation method [12] is adopted.
4. Experimental results
Fig. 4 is the experiment setup for in-plane displacement and strain field measurement. The system consists of 
three cameras, four stepper motors with drivers, a semicircle camera frame, image processing and graphical user 
interfaces (GUI), image processing unit, and computer. The planar calibration target and planar specimen are placed 
in front of the optical axes of three cameras about 1m for in-plane displacement and strain field measurement testing. 
The C2 heading angle is defined as 00; and C1, C3 are set to be ±300. The planar specimen moves along X axis for 
in-plane translation estimation. The step motor moves a planar specimen along X axis. The in-plane translation
motion are x = +5 mm. The step motor is made by Oriental Moto (SPF6C020M-A). The repeatability is ± 0.01 mm,
and resolution is 0.01 mm. In this study, planar calibration target with checkerboard pattern is used to select the 4
corners and compute transform for image projective control. Three cameras take two images of the planar specimen
at different orientations along X axis for in-plane translation estimation. The window size of the planar calibration
target is 9 ͪ 9, and tilt angle is 600. Size dX of each square along the X direction is 10 mm, and size dY of each 
square along the Y direction is 10 mm. The planar calibration target is 90 mm ͪ  90 mm. The planar specimen is 51
mm ͪ  51 mm.  
(a)                                                                                              (b)
Fig. 4. The experiment setup for in-plane displacement and strain field measurement.
C1 C2 
C3
X 
Y 
Z X
Planar Calibration Target 
300 30
0
Step Motor
Multi-camera semi-circular DIC system
Planar Calibration Target 
Planar Specimen
X 
51 mm
51 mm
90 mm
90 mm
10 mm
GUI 
Computer
Step Motor Controller
600
Planar Specimen
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4.1. Rectify an oblique view
Fig. 5 is oblique view images of C1, C2 and C3. Fig. 5(a) is original image of C1, and in-plane translation motion
of planar specimen along X axis +5 mm, is shown as Fig. 5(b). Fig. 5(c)(d) are the transformed speckle pattern 
image of Fig. 5(a)(b). Fig. 5(e) is original image of C2, and in-plane translation motion of planar specimen along X
axis +5 mm, is shown as Fig. 5(f). Fig. 5(g) is original image of C3, and in-plane translation motion of planar
specimen along X axis +5 mm, is shown as Fig. 5(h).
(a)                                         (b)                                          (c)                                       (d)    
(e)                                         (f)                                             (g)                                     (h)     
Fig. 5. Oblique view images of C1, C2 and C3. 
Rectify oblique view images of C1, is shown as Fig. 6. We select the 4 corners (125, 270), (407, 271), (369, 77),
and (99, 74) of a plane and compute transform for image projective control. Fig. 6(a) is overlay 4 control points on
original image of C1. After the resulting transformation, produce front view image from before and after oblique
projective image for in-plane translation motion of planar specimen along X axis +5 mm is shown as Fig. 6(b)(c).
The computed 3×3 homography matrix is [2.0555, -0.0333, -0.0000; -0.2727, 2.9930, 0.0002; -183.3152, -218.1875,
0.9863;].    
(a)                                                                   (b)                                                        (c) 
Fig. 6.  Rectify oblique view images of C1.
Rectify oblique view images of C2, is shown as Fig. 7. We select the 4 corners (204, 315), (480, 316), (474, 127),
and (212, 126) of a plane and compute transform for image projective control. Fig. 7(a) is overlay 4 control points
on original image of C1. After the resulting transformation, produce front view image from before and after oblique
projective image for in-plane translation motion of planar specimen along X axis +5 mm is shown as Fig. 7(b)(c).
The computed 3×3 homography matrix is [2.1365, -0.011911, -2.1031e-06; 0.090433, 3.1208, 0.00028267; -464.33,
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-390.7, 0.96483;].    
(a)                                                                   (b)                                                         (c) 
Fig. 7.  Rectify oblique view images of C2. 
Rectify oblique view images of C3, is shown as Fig. 8. We select the 4 corners (135, 274), (419, 279), (450, 80),
and (181, 79) of a plane and compute transform for image projective control. Fig. 8(a) is overlay 4 control points on
original image of C1. After the resulting transformation, produce front view image from before and after oblique
projective image for in-plane translation motion of planar specimen along X axis +5 mm is shown as Fig. 8(b)(c).
The computed 3×3 homography matrix is [2.1196, -0.011286, 6.9759e-05; 0.50002, 3.0358, 0.00031412; -423.16 , -
237.79, 0.96256;].   
(a)                                                                   (b)                                                         (c)
Fig. 8.  Rectify oblique view images of C3. 
4.2.  In-plane displacement and strain field of C1
While C1 captures the oblique view image of the planar specimen. First, we rectify oblique view with a planar 
calibration target is shown as Fig. 6(b)(c). Fig. 6(b) is the reference image and Fig. 6(c) is the deformed image,
which are obtained by the multi-camera semi-circular DIC system and used for 2D-DIC in-plane displacement and 
strain field measurements. Subset size is 21 × 21 pixels. We select 7 squares of planar calibration target and length
of 70 mm set scale. A scale factor is 6.8 pixels/mm. The subset size of strain analysis is 15 × 15 pixels. The
measurement results include displacement fields ),( VU (in X and Y directions) and strain fields ( xxH , yyH , xyH ) are
illustrated in Fig. 9. A rectangular ROI region is chosen for X and Y directions inspection. Fig. 9(a)(b) is the
corresponding U and V displacement in X and Y directions. Fig. 9(c)-(e) are strain field. The region of planar 
specimen less than the original image, then the corresponded region is enlarged as Fig. 10.
Fig. 10(a) is U(mm) and data range are 4.99345Љ U(mm) Љ 5.13627. Fig. 10(b) is V(mm) and data range are -
0.0538235 ЉʳV(mm) Љ 0.0765887. Fig. 10(c) is xxH  and data range are -0.0107692 Љ xxH Љ 0.00501575. Fig. 
10(d) is yyH  and data range are -0.007105 Љ yyH Љ 0.00379384.  Fig. 10(e) is xyH  and data range are -0.0027822 
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Љ xyH Љ 0.00524688. The displacement values were nine assigned points and showed in fig. 10(a)(b). The total
averaged displacement values of U(mm) and V(mm) are 5.080315344 mm and 0.013530987 mm, respectively. The
averaged U displacement in X direction is 5.08 mm and toward the right side of the planar spacemen. The strain
values were nine assigned points and showed in fig. 10(c)-(e). The total averaged displacement values of xxH , yyH ,
and xyH  are -0.000249431, -0.000274473 and 0.000295061, respectively. 
(a)U(mm)                      (b)V(mm)                           (c) xxH                        (d) yyH                             (e) xyH
Fig. 9. In-plane displacement and strain fields of C1 in X and Y directions of a planar specimen along X axis +5 mm.  
(a)U(mm)                                     (b)V(mm)         
                               (c) xxH                                                          (d) yyH                                                      (e) xyH
Fig. 10. In-plane displacement and strain fields of C1 in X and Y directions of a planar specimen along X axis +5 mm (enlarged). 
4.3. In-plane displacement and strain field of C2
While C2 captures the oblique view image of the planar specimen. First, we rectify oblique view with a planar 
calibration target is shown as Fig. 7(b)(c). Fig. 7(b) is the reference image and Fig. 7(c) is the deformed image,
which are obtained by the multi-camera semi-circular DIC system and used for 2D-DIC in-plane displacement and 
strain field measurements. Subset size is 21 × 21 pixels. We select 7 squares of planar calibration target and length
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of 70 mm set scale. A scale factor is 6.8 pixels/mm. The subset size of strain analysis is 15 × 15 pixels. The
measurement results include displacement fields ),( VU (in X and Y directions) and strain fields ( xxH , yyH , xyH ) are 
illustrated in Fig. 11. A rectangular ROI region is chosen for X and Y directions inspection. Fig. 11(a)(b) is the
corresponding U and V displacement in X and Y directions. Fig. 11(c)-(e) are strain field. The region of planar 
specimen less than the original image, then the corresponded region is enlarged as Fig. 12.
Fig. 12(a) is U(mm) and data range are 4.99315 Љ U(mm) Љ 5.1777. Fig. 12(b) is V(mm) and data range are -
0.0669327ЉʳV(mm)Љ 0.141698. Fig. 12(c) is xxH  and data range are -0.00687434Љ xxH Љ 0.0102152. Fig. 12(d) 
is yyH  and data range are -0.00604245Љ yyH Љ 0.00675225.  Fig. 12(e) is xyH  and data range are -0.00434603Љ
xyH Љ 0.00393306. The displacement values were nine assigned points and showed in fig. 12(a)(b). The total
averaged displacement values of U(mm) and V(mm) are 5.080057931 mm and 0.019642703 mm, respectively. The
averaged U displacement in X direction is 5.08 mm and toward the right side of the planar spacemen. The strain
values were nine assigned points and showed in fig. 12(c)-(e). The total averaged displacement values of xxH , yyH , 
and xyH are 0.000523882, 0.000419199 and 0.000295809, respectively. 
(a)U(mm)                    (b)V(mm)                        (c) xxH                           (d) yyH                           (e) xyH
Fig. 11. In-plane displacement and strain fields of C2 in X and Y directions of a planar specimen along X axis +5 mm. 
(a)U(mm)                                     (b)V(mm)
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(c) xxH                                                (d) yyH                                                     (e) xyH
Fig. 12. In-plane displacement and strain fields of C2 in X and Y directions of a planar specimen along X axis +5 mm (enlarged).  
4.4. In-plane displacement and strain field of C3
While C3 captures the oblique view image of the planar specimen. First, we rectify oblique view with a planar 
calibration target is shown as Fig. 8(b)(c). Fig. 8(b) is the reference image and Fig. 8(c) is the deformed image,
which are obtained by the multi-camera semi-circular DIC system and used for 2D-DIC in-plane displacement and 
strain field measurements. Subset size is 21 × 21 pixels. We select 7 squares of planar calibration target and length
of 70 mm set scale. A scale factor is 6.8 pixels/mm. The subset size of strain analysis is 15 × 15 pixels. The
measurement results include displacement fields ),( VU  (in X and Y directions) and strain fields ( xxH , yyH , xyH ) are
illustrated in Fig. 13. A rectangular ROI region is chosen for X and Y directions inspection. Fig. 13(a)(b) is the
corresponding U and V displacement in X and Y directions. Fig. 13(c)-(e) are strain field. The region of planar 
specimen less than the original image, then the corresponded region is enlarged as Fig. 14.
Fig. 14(a) is U(mm) and data range are 4.95977 ЉʳU(mm) Љ 5.15597. Fig. 7(b) is V(mm) and data range are -
0.0605089 Љ V(mm) Љ 0.0845201. Fig. 14(c) is xxH  and data range are -0.00544773 Љ xxH Љ 0.00449856. Fig.
14(d) is yyH  and data range are -0.00528203 Љ yyH Љ0.00616853.  Fig. 14(e) is xyH  and data range are -
0.00908944 Љ xyH Љ 0.00527411. The displacement values were nine assigned points and showed in fig. 14(a)(b). 
The total averaged displacement values of U(mm) and V(mm) are 5.070529545 mm and 0.01699533 mm,
respectively. The averaged U displacement in X direction is 5.07 mm and toward the right side of the planar 
spacemen. The strain values were nine assigned points and showed in fig. 14(c)-(e). The total averaged displacement 
values of xxH , yyH , and xyH  are -0.000912439, -0.000712398 and -0.000491078, respectively. 
(a)U(mm)                     (b)V(mm)                         (c) xxH                             (d) yyH                           (e) xyH
Fig. 13. In-plane displacement and strain fields of C3 in X and Y directions of a planar specimen along X axis +5 mm.  
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(a)U(mm)                                     (b)V(mm)
                              (c) xxH                                                          (d) yyH                                                      (e) xyH
Fig. 14. In-plane displacement and strain fields of C3 in X and Y directions of a planar specimen along X axis +5 mm (enlarged).  
5. Conclusions 
Rectify oblique multi-view image with a planar calibration target for in-plane displacement and strain field 
measurements method experiment is performed to demonstrate the appropriate and successful use of 2D-DIC. The 
multi-camera semi-circular DIC system captures oblique multi-view image from three different view angles. Current
study also reveals that the pivot angle and viewing angle would affect the image reconstruction results. Using image
projective transformation produces front view image from oblique projective image. After normalization and 
computed 3×3 homography matrix, the front view image of camera C1, C2, C3 can provide same view angle from
different multi-view angles. The front view image can be analyzed by the DIC method to extract the in-plane
displacement and strain field. The displacement can also be computed from contour maps obtained before and after 
the in-plane translation motion of rigid body. The experimental results show the measurement method is
implemented to rectify oblique multi-view image for in-plane displacement and strain field. In this study, oblique 
view images of C1, C2 and C3 are in-plane translation motion of planar specimen along X axis +5 mm. After 2D-
DIC in-plane displacement and strain field measurements, that compared the total averaged displacement values of 
U(mm) and V(mm) are 5.08 mm and 0.01 mm from C1, the total averaged displacement values of U(mm) and 
V(mm) are 5.08 mm and 0.02 mm from C2, and the total averaged displacement values of U(mm) and V(mm) are 
5.07 mm and 0.02 mm from C3. There are some islands noise regions on in-plane displacement and strain fields of 
C1, C2, C3, which could be caused by light and low resolution. The same data trend shows the planar specimen
along X axis +5 mm under in-plane translation motion of rigid body. According to the built functions, the study also
demonstrates this system can be a general platform for stereo vision and photogrammetry instrument development.
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